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ABSTRACT. The globular domain of linker histones specifically recognizes and binds to the nucleosome
core. However, the exact location of the binding site of the globular domain has not been definitively
elucidated. To address this issue, a linker histone has been specifically modified at a site adjacent to the
globular domain with a radical-based DNA cleavage reagent. The linker hiska(dl) EDTA conjugate

was bound to reconstituted nucleosomes containikgrropussS RNA gene, and the resulting cleavage

of DNA was used to precisely map the location of the linker histone binding site. The results indicate
that the binding site is located on the inside of the superhelical gyre of DNA, just inside the periphery of
the nucleosome core region. The implications of these results for the binding of linker histones within
native chromatin complexes are discussed.

Within the fundamental repeating unit of chromatin known contiguous to the 146 base pair nucleosome core régpon
as the nucleosome, about 160 bp of DNA is tightly wrapped digestion by micrococcal nuclease (Simpson, 1978). The
in two superhelical turns around a central spool of protein appearance of the 168 bp chromatosome band has often been
comprised of two copies each of the four core histones taken as diagnostic for the correct binding of linker histone
(Kornberg, 1974; Kornberg & Thomas, 1974). Innearly all to mono- or oligonucleosomal complexes (Allan et al., 1980;
cases, a single molecule of linker histone (e.g., H1) also is Buckle et al., 1992). The pioneering work of Allan et al.
associated with the core histoRBNA complex and the  (1980) demonstrated that an 80 amino acid residue protease-
linker DNA between nucleosomes (Bates & Thomas, 1981; resjstant globular domain (Aviles et al., 1978) within linker
van Holde, 1989). The binding of linker histones serves {0 pisiones specifically binds to the nucleosome core and
stabilize the 30 nm diameter chromatin fiber and perhaps yq1ects DNA from micrococcal nuclease digestion like the
higher order forms of chromatin (Widom, 1989; Shen etal., ¢, length protein. Thus the small ca. 9 kDa structured
1995), and modullat|on of linker 'h|stone blnd.mg activity Is globular domain provides for specific recognition of the 225
thought to be an important step in the potent|at|on/depoten-nucleosome core complex
tiation of chromatin structure for transcription (Postnikov et |
al., 1991; Bresnick et al., 1992; Bouvet et al., 1994; Wolffe,
1995). 1 The nucleosome core region is defined as the 146 base pairs of

The association of linker histones with nucleosomes nucleosomal DNA, most of which remains associated with the core

. . . . . histone octamer after micococcal nuclease digestion (van Holde, 1989).
stabilizes an additional 20 base pairs of DNA immediately Core histone octamers associated with longer DNA fragments are

referred to as nucleosome cores (distinct from core particles) to indicate

T This work was supported by NIH Grant RO1GM52426. the lack of linker histones within these complexes. Complexes which
*Phone: 716-273-4887. FAX: 716-217-2683. E-mail: jjhs@ contain linker histones are referred to as nucleosomes. Chromatosomes
uhura.cc.rochester.edu. are produced during micrococcal nuclease digestion and contain all

® Abstract published il\dvance ACS AbstractS§eptember 1, 1996. four core histones, a single linker histone, antb8 base pairs of DNA.
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Considerable progress has been made in characterizingErmacora et al., 1992; Ebright et al., 1992; Lavoie et al.,
both the DNA and histone structures within the nucleosome 1996; Heilek & Noller, 1996; Flaus et al., 1996). A linker
(Richmond et al., 1984; Hayes et al., 1990; Arents et al., histone protein was engineered so that a single residue at
1991; Arents & Moudrianakis, 1993). However, the exact the edge of the globular domain was substituted for cysteine.
nature and location of the specific binding site of the linker A DNA cleavage reagent was covalently attached to the lone
histone within the nucleosome have not been explicitly sulfhydryl group within the protein, and derivatized linker
defined. On the basis of nuclease digestion experiments, ithistones were incorporated into reconstituted 5S nucleosome
has been suggested that the globular domain is bound to thecomplexes. The resulting localized DNA cleavage allowed
outward-facing minor groove of DNA at the center of the a globular domain binding site to be clearly identified on
nucleosome, where the dyad axis of symmetry passes throughhe inside of the DNA superhelix, near the periphery of the
the DNA (Allan, 1980). DNase | footprinting of linker  nucleosome complex.
histone-containing dinucleosome complexes supports this
model (Staynov & Crane-Robinson, 1988). However, a MATERIALS AND METHODS
comparison of the structure of the globular domain (Ra-
makrishnan et al., 1993) with other DNA binding proteins  DNA Fragments.A 238 bpHpall —Ddd fragment derived
suggests that the globular domain associates with the majorfrom plasmid pXbs-1 containing thé. borealissomatic 5S
groove of DNA. Further, hydroxyl radical and DNase | RNA gene was radiolabeled at theeéid of the noncoding
footprinting of reconstituted complexes indicate that the strand at thé4pall site 102 bp upstream from the initiation
minor groove of DNA at the dyad remains accessible to thesesijte for transcription of the 5S gene-1) or on the coding
reagents after linker histone association [Hayes & Wolffe, strand at thédd site at position+137 as described (Hayes
1993; but see Staynov and Crane-Robinson (1988)]. Cross-g Wolffe, 1993).
linking between the globular domain of a linker histone and Preparation of H? Mutant G101C. Xenopus lais H1°a
nucleosomal DNA occurs at a single site some distance awaycpnA (Rutledge et al., 1988; Khochbin & Wolffe, 1993)
from the dyad axis of symmetry within a nucleosome (Hayes a5 cloned by PCR methods from erythrocyte mRNA into
et al, 1994). These results have been interpreted asihe pET 3d vector (Novagen). The mutant G101C (hereafter
indicating that linker histone binds .asymmetrlcally to.th.e referred to as HIC) in which the codon for glycine at
nucleosome, away from the dyad axis, perhaps on the insidessition 101 was changed to that for cysteine was prepared
of an outer superhelical gyre (Pruss et al., 1995). ConS|stentby standard PCR techniques in the same vector. Note that
with this suggestion, neutron scattering experiments indicate o globular domain ixXenopusH1°a, closely related to the
that the mass of the linker histone is probably located closer 4ian H1 variant H5, extends from approximately amino acid
to the center of mass of the nucleosome than would be regjque 25 to 97 (Rutledge et al., 1988; Ramakrishnan et
aIIowe_d by specific association of the_globular domain with al., 1993). Proteins were expressed by treating BL21(DE3)
the minor groove at the dyad (Baldwin, 1992). cells containing these vectors and grown to early log phase

Previous work has shown that a homogeneous populationyith 0.4 mM IPTG for 3 h at 37°C. Cells were pelleted,
of nucleosome core complexes can be reconstitintedro treated with lysozyme, and sonicated, and insoluble com-
from purified core hiStone proteins and a238 base pail’ DNA ponents were Separated by Centrifugation at m(&'ukﬂe
fragment containing aXenopus borealissS RNA gene  proteins were fractionated by Bio-Rex (Bio-Rad,-5M0
(Rhodes, 1985). These complexes appear identical to nativemesh) cation-exchange chromatography, andsHdluted
nucleosome complexes with regard to protein content, from the matrix with 20 mM Tris, pH 8.0, 2 mM EDTA,
patterns of trypsin proteolysis sensitivity, comparisons of and 1.0 M NaCl. Fractions containing proteins were diluted
DNA structure by hydroxyl radical footprinting, and the  2_fold with 10 mM Tris-HCI, pH 8.0, and bound to a second
protection of 146 base pairs of nucleosome core DNA from Bjo-Rex 70 column (108200 mesh), eluted in the same
micrococcal nuclease digestion (Hayes et al., 1991; Hayes,way, and peak fractions~(l mg/mL) were stored in the
unpublished). A majority of 5S nucleosome cores within a e|ution buffer at-80°C. Mutant and native Hlexhibited
reconstituted Sample exhibit identical translational and identica' trypsin_resistant C|eavage products (resu|ts not
rotational positioning of the histone octamer with respect to shown).
the 5S sequence, thus making possible high-resolution \1qgification of HPC with EPD. H1°C (~0.5 mg/mL in
footprinting studies of the structure of DNA in the nucleo- 19 mm Tris-HCI, pH 8.0, 0.5 M NaCl) was fully reduced in
some (Hayes et al., 1990). Moreover, linker histones bind o presence of 20 mM DTT for 2 h at 2&, DTT was
to reconstituted 5S nucleosome cores in the correct stoichio- o moved by Bio-Rex 70 chromatography, and the reduced
metric ratio, and binding results in the production of protein eluted in 10 mM Tris-HCI, pH 8.0, and 1 M NaCl.
chromatosome particles during micrococcal nuclease diges-gractions containing reduced protein@.5 mg/mL) were
tion, indicating that the native interaction between linker quickly frozen on dry ice or reacted with a 1.1 equiv of Fe-
hl_stone_z and the nucleosome core can be recapltulz_mmtlo (Il) EDTA-2-aminoethy! 2-pyridyl disulfide (EPD) (kindly
with this system (Hayes & Wolffe, 1993). Interestingly, the  rvided by Drs. Robert Fox and David Ledman, University
affinity with which linker histones bind reconstituted 5S ¢ Texas, Galveston) for 1 h in the dark at room temperature
nucleosome core complexes is greater than that for naked(Ermacora et al., 1992; Ebright et al., 1992). Disulfide

5S DNA, suggesting that assembly of the nucleosome gychange between the EPD and®Bresulted in attachment
complex results in a specific structure preferentially recog- o 5 Fe(ll) EDTA complex via a three-atom tether to the
nized by the linker histone (Hayes & Wolffe, 1993).

.TO address the issue of Where the globular domain of linker =, Abbreviations: EDTA, ethylenediaminetetraacetic acid; DTT,
histone recognizes and binds within the nucleosome core, lgjthiothreitol: SDS-PAGE, sodium dodecyl sulfatgolyacrylamide
have employed a site-directed chemical mapping approachgel electrophoresis; IPTG, isoprop§io-thiogalactopyranoside.
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lone cysteine residue at position 101 within the protein. The A
degree of modification was monitored by subsequent reaction
of a portion of the modification reaction with a 2-fold molar
excessT'C]-N-ethylmaleimide (NEM) to label any remaining
free sulfhydryls. The NEM labeling reaction was quenched

OOH

by addition of DTT to 50 mM concentration and the sample B 0

applied to a protein gel. After being stained for proteins, __ N

the gels were dried and exposed to Kodak MR 5 autorad- o N(?“’o

iographic film. \N / s ) @ Fe(llyO
Reconstitution of Nucleosome CoreNucleosome core s’ \/\N K/]; c|>

particles were prepared as described (Wolffe & Hayes, 1993). H f

Nucleosome cores were reconstituted onto radiolabeled 5S o

DNA fragments by exchange with core particles as described FIGURE 1: (A) Schematic of HIC showing the position of glycine

except that EDTA was omitted from all buffers (Tatchell & substituted for cysteine. The flexible N- and C-terminal tail domains
Holde. 1977: U t al. 1994). A typical are indicated flanking the central globular domain. (B) Structure
van Holae, » Jra et al., )- ypical 20 of EPD. After disulfide exchange, the maximum distance between

exchange reaction contained 1 M NaCl, Aghof donor core the Gu carbon atom of the modified cysteine and the metal center
particles, 0.3ug of naked nonspecific DNA, and 500 is ~14 A (Lavoie et al., 1996).

ng of labeled 5S fragment. After exchange and dilution _
about 56-60% of the labeled 5S fragments were assembled XenopugRutledge et al., 1988) was altered so that a single
into mononucleosome cores without detectable dinucleosomeamino acu_:l residue immediately adj_acent to the _carboxyl-
complexes as monitored by nucleoprotein gel electrophoresisterminal side of the globular domain was substituted for
(Wolffe & Hayes, 1993). cysteine (Figure 1A). This position was chosen because of
Cleavage of DNA within HIC—Fe(ll) EDTA-Bound its proximity to the globular domain and because it was
Nucleosomes Approximately 400 ng of reconstituted nu- reasoned that substitution of an uncharged residue in the
cleosome cores were incubated with 50 ng of unmodified flexible C-terminal tail would be less detrimental to the
H1°C or HI°C—Fe(ll) EDTA in binding buffer (10 mM Tris-  Pinding activity of the protein than altering the sequence of
HCI, pH 8.0/50 mM NaCl/1:M EDTA) for 15—20 min in the structured globular domain. The mutated proteirf,Gj1
the dark. Localized cleavage of the DNA was initiated by Was expressed in a bacterial system, purified to homogeneity,
the addition of sodium ascorbate and hydrogen peroxide to@nd modified with the cysteine-specific reagent EPD by
a final concentration of 1 mM and 0.0075%, respectively, disulfide exchange (Figures 1B and 2A) (Ermacora et al.,
and allowed to proceed for B0 min in the dark at room 1992 Ebright et al., 1992; see above). This modification
temperature, as indicated in the figure legends. The reduction®Sults in the attachment of a redox-active Fe(ll) EDTA
of hydrogen peroxide by the Fe(ll) results in the localized complex connected by a short three-atom tether to the sulfur
production of hydroxyl radicals. Reactions were quenched ©f the lone cysteine residue within the protein to produce
by the addition ofY/;¢th volume of 50% glycerol/10 mm ~ H1°C—Fe (Il) EDTA. Subsequent modification witf']-
EDTA, and the samples were immediately loaded onto NEM showed thae95% of the protein was modified with
preparative nucleoprotein gels as described (Wolffe & Hayes, EPD in this manner (Figure 2A, cf. lanes 2 and 3). A control
1993). After electrophoresis, the wet gels were autoradio- shows that significant interprotein disulfide cross-linking does
graphed, the linker histone-bound complexes were excised N0t occur during the mcubguor_\ (Figure 2A, lanes 1 and 2).
and the labeled DNA was extracted and analyzed by RecombinanXenopusHl®a binds the nucleosome in the
sequencing gel electrophoresis. Hydroxy! radical footprint- S&8mMe manner and with approximately the same affinity as

ing of nucleosomal DNA was carried out as described Native H1s isolated from calf thymus or HS from chicken
(Wolffe & Hayes, 1993). erythrocyte chromatin (J. J. Hayes, unpublished). Further,

substitution of glycine for cysteine at position 101 in“H1
and modification of the sulfhydryl with EPD have little effect
on the affinity of the protein for binding to the nucleosome
(Figure 2B) or on the ability of the protein to cause
production of chromatosomes during a micrococcal nuclease
digestion (Figure 2C). Importantly, the EPD-modified
protein still binds preferentially to the reconstituted nucleo-
some core over the naked DNA (Figure 2B) (Hayes &
Wolffe, 1993).

For the first experiments, nucleosome cores were recon-
stituted with 5S DNA radiolabeled on théénd of the coding
strand at theDdd site located downstream of the 5S RNA
gene at positiont137 (see Figure 3). Reconstituted nu-
cleosomes were mixed with a stoichiometric quantity of
H1°C—Fe(ll) EDTA and site-specific hydroxyl radical-
RESULTS mediated cleavage of the DNA in these complexes was

carried out as described. Cleaved complexes were separated

A linker histone protein was generated to facilitate site- on preparative nucleoprotein gels, the band corresponding
specific attachment of a DNA cleavage reagent. The coding to the HE—nucleosome complex was cut out, and the labeled
sequence for a somatic linker histone variant, & Ifrom DNA was recovered and analyzed on sequencing gels.

Linker Histone Gel Shift AssaySamples containing
approximately 25 ng of nucleosome core particles arid
nM reconstituted 5S nucleosome were incubated with various
amounts of HIC (see figure legends) in 14 of binding
buffer [10 mM Tris-HCI, pH 8.0/50 mM NaCl/ImM EDTA/
5% (v/iv) glycerol]. Samples were incubated at room
temperature for 1530 min and loaded directly onto running
0.7% agarose gels in O5TBE (1x is 90 mM Tris base/90
mM boric acid/2.5 mM EDTA). Control experiments in
which native linker histones were exchanged onto 5S
nucleosome cores from chicken erythrocyte chromatin in the
same buffer showed identical shifted bands (results not
shown). After electrophoresis, the gels were dried and
autoradiographed.
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Ficure 2: Madification of HI°C with EPD and nucleosome binding activity of modified protein. (AY81s quantitatively modified with

EPD. HIC was incubated in the absence or presence of a 1.1-fold excess of EPD and then postmodifié@WiEtM to detect unreacted

cysteine sulfhydryls. The samples were separated by-SIF&SE, the gel was stained and photographed to locate proteins, and then
labeled proteins were detected by autoradiography, as indicated. Lanes®C cbtitrol reacted directly with'{CINEM; 2 and 3, HXC

mock treated or incubated with EPD, respectively. (B) Modification of ®1ith EPD does not alter preferential nucleosome binding
activity. Increasing quantities (1.25, 2.5, 5, and 10 ng), as indicated, 4 ldd the HEC—Fe(Il) EDTA complex were incubated with 25

ng of nucleosome cores reconstituted with radioactively end-labeled 5S DNA. Samples were analyzed on agarose nucleoprotein gels and
the gels autoradiographed. The positions of free DNA, nucleosome (Nuc), ahdnddleosome complexes (HNuc) are indicated.

Naked DNA and 5S nucleosome cores only were run in lanes DNA and control, respectively.°@)yF(ll) EDTA efficiently promotes
production of chromatosomes during a micrococcal nuclease digestion. Nucleosome cores (40 ng), reconstituted with internally labeled 5S
DNA (Ura et al., 1994), were incubated with buffer and 5 ng ofE&br H1I°C—Fe(ll) EDTA (lanes 13, respectively), and the complexes

were digested with 0.6 unit of micrococcal nuclease and the products of digestion analyzed as described (Hayes & Wolffe, 1993). An
autoradiograph of the nondenaturing gel is shown. Lane 4 contains labeled fragmernsgfdigestion of pPBR322 with fragments of

123, 147, 160, and 180 base pairs highlighted by dots. The positions of digestion products corresponding to the nucleosome core DNA (146
bp) and chromatosome length DNA (168 bp) are indicated.

Because of the high background (i.e., non:8%Fe(ll) strand at theHpall site upstream of the 5S gene (Figure 4)
EDTA-specific) cleavage associated with this experiment, and the experiment was repeated. No obviouSGtiFe-
it was necessary to compare the results to control reactions(ll) EDTA-dependent cleavages were observed in the

in which nucleosomes were incubated with°@lunconju- “upstream” portion of the 5S nucleosome (Figure 4, lower

gated to Fe(ll) EDTA and digested in the same way (Figure part of the gel). However, three groups of cleavages centered

3, lane 3). at positions+57, +65, and+75 within 5S DNA were
Inspection of the cleavage pattern in DNA from ¥t~ observed near the top of the gel (Figure 4, lane 3; gray

Fe(ll) EDTA-bound complexes reveals a strong group of arrows). Other bands found on this lane were also observed
H1°C—Fe(ll) EDTA-dependent cleavages centered at posi- in the control and thus were not FQ—Fe(ll) EDTA-
tions +62/4-63 and a weaker but reproducible group of dependent (Figure 4, cf. lanes 2 and 3). Densitometric
cleavages centered at73 (Figure 3, lanes 4 and 5). All  analysis revealed that the relative amount of specific cleavage
other cleavages observed in the resolved portion of the gelat positions+57, +65, and+75 is approximately 0.75:1.0:
were also found in the control reaction and were thus not 0.75, respectively. These cleavages occur at the same
H1°C—Fe(ll) EDTA-dependent (Figure 3, compare lane 3 location but on the complementary strand as those found in
with lanes 4 and 5). For reference, the hydroxyl radical Figure 3. A comparison reveals that these®@+Fe(ll)
footprint of the 5S nucleosome core reveals precisely where EDTA-dependent cleavages also are out of register with the
the DNA backbone is oriented away from the histone surface hydroxyl radical footprint of 55 DNA in the nucleosome.
(Figure 3, lane 2 and black arrows) (Hayes et al., 1990). As above, this indicates that the #1—Fe(ll) EDTA-specific
The two groups of HIC—Fe(ll) EDTA-dependent cleavages cleavage sites are located on the inside of the superhelical
are spaced 1611 base pairs apart, similar to the repeat of turn of DNA within the nucleosome, near to where the core
the DNA helix, and appear out of register with the peaks of histones contact the nucleosomal DNA.
cleavage found in the hydroxyl radical footprint of the
nucleosomal DNA (cf. lanes 2 and 5). Thus the°B1Fe- DISCUSSION
(I) EDTA-specific cleavage sites are located on the inside
of the superhelical turn of DNA within the nucleosome, near The association of linker histones in chromatin is a
to where the core histones contact the nucleosomal DNA. fundamental step in the formation of the mature chromatin
Comparisons of the region of DNA in contact with the core fiber. The protease-sensitive N- and C-terminal tail domains
histone proteins reveal that the ¥t-Fe(Il) EDTA-depend- of linker histones are highly basic and probably bind and
ent cleavages map to near the edge of the nucleosome corgartially neutralize the polyanionic charge of the linker DNA
region. No obvious HIC—Fe(ll) EDTA-specific cleavages  between nucleosomes in the condensed chromatin fiber
are observed in the vicinity of the dyad axis of symmetry (Allan, 1980; Clark & Kimura, 1990). The protease-resistant
(Figure 3, open arrow; see Discussion). globular domain of linker histones recognizes and binds the
To locate possible HC—Fe(ll) EDTA-specific cleavages  specific structure of the nucleosome (Allan et al., 1980).
on the opposite end of the nucleosome complex (i.e., the However, the location of the binding site of the globular
region represented in the unresolved top portion of the gel domain on the surface of the nucleosome core has not been
in Figure 3), 5S DNA was "=end-labeled on the noncoding rigorously defined.
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Ficure 3: H1°C—Fe(ll) EDTA-specific cleavages on the coding
strand of 5S nucleosomal DNA. Nucleosomes were reconstituted * - - = —43
with 5S DNA radioactively end-labeled at thgdd site located
downstream of the 5S nucleosome core region (see schematic).
Nucleosomes were incubated with buffer and"@br H1°C—Fe- - _53
(I) EDTA, cleavage was initiated, and samples were prepared as
described. Lanes 1: G-specific cleavage reaction markers; 2,
hydroxyl radical footprint of the coding strand of 5S nucleosomal
DNA,; 3, control DNA from 5S nucleosomes bound by ¥€land
incubated with cleavage reagents for 30 min; 4 and 5, DNA from : = 63
nucleosomes bound by FIC—Fe(ll) EDTA and incubated with =
cleavage reagents for 10 or 30 min, respectively’GtiFe(ll) Ficure 4: H1°C-Fe(ll) EDTA-specific cleavage of 5S nucleosomal
EDTA-specific cleavages are highlighted by the gray arrows; the DNA. Nucleosome cores containing 5S DNA radioactively end-
positions of peaks in the hydroxyl radical footprint are indicated labeled on the noncoding strand at theall site located at position
by the black arrows. The schematic (left) indicates the orientation —102 (see schematic) were complexed with either unmodifi€tCH1
of the 5S DNA fragment (vertical line) with respect to the gel and or H1°C—Fe(ll) EDTA. Complexes were incubated with cleavage
the position of the radioactive label (star) with regard to the 5S reagents for 30 min and DNA cleavages analyzed by autoradiog-
gene coding sequence (vertical thick arrow). The region of 5S DNA raphy of sequencing gels. DNA from nucleosomes incubated with
which contacts core histone proteins and the location of nucleosomalunmodified HEC as a control or HIC—Fe(Il) EDTA is shown in
DNA on the gel are indicated by the open and gray ovals, lanes 2 and 3, respectively. Lanes 1 and 4 show the hydroxyl radical
respectively. The position of the nucleosomal dyad is indicated by footprint of the 5S nucleosome, and lane 5 shows the hydroxyl
the open arrow in both representations. radical cleavage pattern of naked DNA. ¥€t-Fe(ll) EDTA-

. . specific cleavages and the positions of peaks in the hydroxyl radical
~Several models for the location of the globular domain footprint are indicated as in Figure 3. The orientation of the 5S
binding site on the nucleosome core are shown in Figure 5. DNA fragment with respect to the gel, the position of the radioactive
A model based on nuclease digestions of linker histone- label, and the location of nucleosomal DNA on the gel are indicated
containing bulk chromatin complexes suggests that the 7% 1% MaPR B, 18 SRS K BE s e halves of the.

globular domain binds to the outside of the superhelix of - gere PP

. figure, respectively.
DNA at the center of the nucleosome and makes symmetrical
interactions with the nucleosomal DNA (Allan et al., 1980; on the inside of the outer superhelical gyre of DNA, about
Staynov & Crane-Robinson, 1988) (Figure 5A). A second 65 base pairs from the dyad axis [positié.5 as defined
model (Figure 5B), derived from neutron scattering results in Richmond et al. (1984)], and implies that allosteric
(Lambert et al., 1991), suggests that the globular domain is changes in the histone protein conformation upon H1 binding
located closer to the center of mass of the complex, perhapscontribute to the observed chromatosome stop (Pruss et al.,
between the superhelical gyres of DNA away from the dyad 1995).
axis of symmetry (Baldwin, 1992). A third model (Figure | have determined the location of the globular domain
5C) is supported by proteirDNA cross-linking experiments,  binding site within a model nucleosome complex reconsti-
nuclease and hydroxyl radical footprinting of linker histone- tutedin vitro. A linker histone was site-specifically modified
containing complexes, and an analysis of the protein structurewith a single tethered Fe(ll) EDTA complex at one end of
of the nucleosome core (Hayes et al., 1994; Pruss et al.,the globular domain. The redox properties of this complex
1995). This model suggests that the globular domain bindscan be used to generate hydroxyl radicals via Fenton-type

Hpa Il
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B C the DNA, near positiont-65 in the 5S nucleosome which is
about 65 base pairs from where the dyad axis of symmetry
passes through the DNA. This position coincides exactly
with the location of the cross-link formed between the
globular domain of a linker histone and 5S nucleosomal DNA
(Hayes et al., 1994). Modeling studies indicate that this site
is adjacent to a cleft in the mass of the core histone proteins
FicURE 5: Models for the binding site of the globular domain of ~ Within the nucleosome into which the linker histone globular
linker histone within the nucleosome. The core histone octamer is domain can fit (Pruss et al., 1995).

represented by the dark gray cylinder, the DNA by a thick medium g preferential association of the linker histone to one

gray tube, and the globular domain of linker histone by a light gray . .
sphere. The dyad axis of symmetry passes through the center oiend of the nucleosome generates an asymmetrical particle

each picture, slightly tilted down from perpendicular to the plane that may impart a directionality to the folding of the
of the page. chromatin fiber. This might be propagated by a polar, head

to tail arrangement of linker histone molecules along the
nucleosomal array within the chromatin fiber (Lennard &
Thomas, 1985). Placement within the top superhelical gyre
of DNA would also position the globular domain to cause
the increase in the superhelical wrapping of DNA that is
observed by electron microscopy upon binding of this domain
to reconstituted mononucleosome particles (Hamiche et al.,
1996). Further, this positioning may then orient the long
basic C-terminal tail of linker histone to track along the inside
of the continuous solenoid formed by the linker DNA exiting
the nucleosome (light gray in Figure 5) (Finch & Klug,
1976).

The results presented in this paper suggest one way that
the specific interaction between the linker histone globular
domain and the nucleosome core may occur in native
chromatin. However, the experiments presented here employ
mononucleosome complexes, and it is possible that linker
histones adopt a different mode of specific binding when
FiIGURE 6: Top view of the 5S nucleosome showing the locations Presented with an oligonucleosomal substrate. In addition,
of H1°C—Fe(ll) EDTA-dependent cleavages. Only protein and different linker histone variants may bind nucleosomes with
DNA in the top half of the nucleosome are shown. Core histone different modalities. Future experiments with reconstituted
ey oy Stccs s bpe oo e e o agjoigonuclecsortalcompleres ifferen e specifclly o
The mobile histone tail domains are indicated by the dashed Iines.fIed Ilnk_er hls.tones, and mOd'f'e‘?' linker histones mcorpo.r:.;qed
Histones H3, H4, H2B, and H2A are shaded dark to light gray, into native oligonucleosomes will address these possibilities.

respectively. The major sites of FG—Fe(ll) EDTA-dependent

cleavage of 5S nucleosomal DNA are indicated by the black arrows, ACKNOWLEDGMENT
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